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INTRODUCTION 
There is increasing concern about the economics and 
environmental implications of nitrogen (N) fertilizer use. In order 
to better manage N fertilizers applied to soils, a better 
understanding of the various fates and transformations that N 
fertilizers may undergo is needed. Ammonium is an immediate 
reaction product of anhydrous ammonia (NH3) and urea applied to 
soils. The biological oxidation of NH^"*" to NOj" is usually rapid. 
However, concentrations may remain sufficiently high that 
reactions such as cation exchange and fixation that involve NH^"*" are 
important in determining the availability of N fertilizers. 
Nonexchangeable NH^^ is not extractable with neutral potassium 
salt solutions and is usually considered to be of limited 
availability to plants and nitrifiers. Laboratory studies have 
shown, however, that when NH^"*" derived from fertilizers becomes 
nonexchangeable its availability to plants and nitrifiers is high 
when compared with that of soil-derived nonexchangeable NH^"^. Field 
studies demonstrating the fixation of NH^"^ derived from anhydrous NHg 
and urea are lacking. Furthermore, an understanding of what soil or 
climatic factors govern the extent of NH^"*" fixation from fertilizers 
is also lacking. 
Although the NHg retention zone has been studied in the 
laboratory and the field, detailed descriptions of the NHg retention 
zone under field conditions are needed. Because of the structural 
heterogeneity inherent in field soils, descriptions of the NH3 
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retention zone obtained under laboratory conditions may not 
adequately describe retention zones in the field. The use of 
tracers will yield the most accurate descriptions of the retention 
zone. 
The effects of N fertilizer inputs, crop rotations, and soil 
organic matter concentrations on exchange relationships are also 
matters of concern. There are reports in the literature that changes 
in soil organic matter concentrations may change the affinity of the 
soil exchange complex for The implication is that if soils 
exhibit differing affinities for indexes of NH^"^ availability 
based on measurements of exchangeable will not be consistent 
among soils. 
The overall objectives of the work reported in this dissertation 
were (i) to determine the amounts of N fertilizers found as 
nonexchangeable in fields following applications of labeled 
fertilizers, (ii) to ascertain the factors that govern the fixation 
reaction, (iii) to observe the relationships between exchangeable and 
nonexchangeable in NHg- and urea-fertilized soils, and (iv) to 
determine whether long-term soil management practices changed soil 
exchange properties for 
Explanation of Dissertation Format 
The dissertation is divided into five parts, each of which was 
prepared for publication in scholarly journals. The style follows 
that of the Soil Science Society of America Journal. I was primarily 
responsible for the initiation and execution of the research reported 
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herein. This general introduction precedes the five parts and a 
general summary of the dissertation is found at the end. The first 
part is a study of the amounts of labeled NHg found as 
nonexchangeable throughout the corn growing season. The second 
part is similar to the first, but also provides a detailed study of 
the shape of the NHg retention zone, relationships between 
exchangeable and nonexchangeable in the retention zone, and the 
effect of air-drying on concentrations of fertilizer-derived 
nonexchangeable The third part is a study of the amounts of 
labeled urea found as nonexchangeable throughout an 
eight-week period in four Iowa soils. The fourth part examines the 
effects of initial soil moisture content and amounts of rainfall 
following applications of ^^N-labeled urea on amounts of 
fertilizer-derived nonexchangeable The fifth part is a study 
to determine whether long-term soil management practices changed NH^"^ 
quantity/intensity (Q/I) relationships. 
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PART I. NONEXCHANGEABLE AMMONIUM IN FIELDS FOLLOWING APPLICATIONS 
OF NITROGEN-15-LABELED ANHYDROUS AMMONIA 
5 
INTRODUCTION 
The reactions of anhydrous ammonia (NHg) in soils have been 
widely studied since the work of Blue and Eno (1954), which showed 
that NHg is retained in the soil in a roughly cylindrical retention 
zone. Parr and Papendick (1966) evaluated in a laboratory study many 
of the factors affecting the NHg retention zone. They found that a 
higher soil moisture content leads to a more localized retention 
zone, but overall less NHg is retained than in a dry soil. The soils 
appeared to have a characteristic maximum retention capacity for NHg. 
Anhydrous NHg applied to soils may react with minerals or soil 
organic matter. Adsorption to clay minerals is expected where 
hydrogen ions are present and NHg is converted to NH^"*" (Mortland, 
1958). Ammonium may be adsorbed onto exchange sites having differing 
selectivities for NH^"*". The relative selectivities of these exchange 
sites for NH^"*" have been related to planar, edge, and interlayer 
exchange sites on clay minerals (Douglas, 1977), with edge sites 
apparently having the highest selectivity for 
Any reaction which renders clay-adsorbed NH^"*" non-exchangeable 
to potassium (K^) is a fixation reaction (SSSA, 1979) . The fraction 
of clay-bound NH^"*" not extractable with is therefore termed 
nonexchangeable or fixed NH^"*". The fixation of NH^-derived NH^"*" has 
been observed in a number of studies. Young and Cattani (1962) 
observed in the laboratory the amounts of NH^"*" fixed by soils within 
12 hours from anhydrous NH2 and aqueous solutions of NHg. Anhydrous 
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NH^ led to higher levels of nonexchangeable than did aqueous 
NHg, and over 10% of the NHg retained in some samples was recovered 
as nonexchangeable Young (1964) found that 25% of the applied 
NHg was fixed by the organic plus mineral fractions of soil within 12 
hours in a laboratory study, with most of the NHg associated with the 
organic fraction. Chalk and Keeney (1975) studied the 
transformations and plant uptake of labeled NHg in a greenhouse 
study using simulated freezing and thawing cycles. From 1 to 4% of 
the NHg was found as nonexchangeable at the conclusion of the 
study. 
It is evident that under some conditions the incorporation of 
NHg-N into nonexchangeable forms in clays may be an important source 
of N for plants. The work of Norman and Gilmour (1987) illustrates 
that this N is largely available to plants. They evaluated in a 
greenhouse study the recovery by plants of nonexchangeable NH^ "^  
derived from ^^N-labeled NHg, and found that up to 72% of this N was 
available to the plants. Nonexchangeable NH^"^ could therefore be an 
important source of N for corn fertilized with anhydrous NHg. 
However, the retention of ammonia in nonexchangeable forms has yet to 
be studied under field conditions using ^^N-labeled NHg. The 
objectives of this study were (i) to observe the temporal and spatial 
distribution of NHg-derived nonexchangeable NH^"*" in two Iowa soils 
and, (ii) to evaluate the effect of nitrapyrin on recovery of NHg-N 
as nonexchangeable NH^ "*". 
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MATERIALS AND METHODS 
Soil samples analyzed in this study were collected by Sanchez 
(1986). The samples were analyzed previously for KCl-exchangeable 
NO3", and total N. The present study involved the 
determination of nonexchangeable in these samples. 
Plots (2 by 2 m) were established on two Iowa soils, a Clarion 
loam (fine-loamy, mixed, mesic, Typic Hapludolls) and a Webster clay 
loam (fine-loamy, mixed, mesic Typic Haplaquolls) at thé Agronomy and 
Agricultural Engineering Research Farm near Ames, Iowa in May 1983. 
Selected properties of the soils are listed in Table 1. Duplicate 
plots were fertilized at a rate equivalent to 224 kg N ha'^ with 
anhydrous NHg containing 4.5 atom% with and without nitrapyrin 
[2-chloro-6-(trichloromethyl) pyridine]. The NH^ was applied by 
using the method of Sanchez and Blackmer (1987), which allowed the 
application of precise amounts of NHj in such a way that conventional 
field application in bands was simulated. Three bands were applied 
per plot, one with labeled NHg and two with unlabeled NH3. The plots 
were planted to corn so that each corn row (2 rows per plot) was 
halfway between two NHg bands 75 cm apart. 
Microplots 75 cm wide and 15 cm along the labeled band within 
each plot were excavated at 45 and 90 days after fertilizer 
application. A total of 50 soil samples having dimensions of 7.5 cm 
X 7.5 cm X 15 cm were obtained from the microplot at various 
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Table 1. Selected properties of the soils used in this study (from 
Sanchez, 1986) 
pH CEC Sand Silt Clay Total C Total N 
cmol kg" % g kg" 
Webster 5,7 31.0 34 36 30 29 2.7 
Clarion 6.8 17.0 51 31 18 22 1.4 
9 
positions relative to the labeled NH^ band. The samples were 
air-dried, crushed to pass a 2 mm sieve and thoroughly mixed. 
Samples from near the point of NH3 injection were selected for 
analysis. A modification of the method of Silva and Bremner (1966) 
was used for determination of nonexchangeable Five grams of 
the air-dry samples were first extracted with 50 mL of 2M KCl to 
remove exchangeable and the soil residue from the extraction 
was air-dried and ground to pass an 80 mesh sieve. One-gram samples 
of this material were treated with alkaline KOBr to remove organic N 
and then rinsed with 0.5M KCl to remove the solubilized N. Twenty mL 
of 5M HF:1M HCl solution was then added to the samples, the mixture 
was shaken for 24 hours on a reciprocating shaker, and the resulting 
digest was steam distilled with an additional 100 ug of NH^-N. 
Distillates were titrated with standard H2S0^, further acidified, and 
evaporated to 2-3 mL volume for analysis of N isotopic abundance. 
Isotope ratio analyses were performed on a Finnigan MAT 250 isotope 
ratio mass spectrometer and calculations of fertilizer-derived N were 
performed as described by Sanchez and Blackmer (1988). 
Isoconcentration lines for nonexchangeable were generated by 
using Plot-it Interactive Graphics and Statistics (Eisensmith, 1987). 
Recoveries of fertilizer N reported in Table 2 were calculated using 
_ O 
bulk density values of 1.37 Mg m" for the Webster soil and 1.42 Mg 
m"^ for the Clarion soil. 
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RESULTS AND DISCUSSION 
The isoconcentration lines for fertilizer-derived 
nonexchangeable NH^"*" are shown in Fig. 1 through 4. The 
concentration distributions reflect the roughly cylindrical NHg 
retention zone reported by numerous other researchers (e.g. Blue and 
Eno, 1954; Stanley and Smith, 1956). A comparison of Fig. 1 and 2 
shows that the Webster soil contained much more fertilizer N as 
nonexchangeable at 45 days than did the Clarion soil. This 
difference is no doubt partly due to the higher clay content of the 
Webster soil (30 vs. 18%). However, the difference between soils may 
also be due to the slower rate of nitrification in this soil 
(Sanchez, 1986), soil factors such as clay surface area, or the 
effect of climatic factors. Results presented in Part IV of this 
dissertation have shown that climatic factors may have important 
effects on NH^"*" fixation from fertilizers. At 90 days after 
application of NHg the Webster soil (Fig. 3) also retained higher 
concentrations of nonexchangeable NH^"*" than did the Clarion soil 
(Fig. 4). 
Between 45 and 90 days after application both the Webster and 
Clarion soils lost large amounts of fertilizer-derived 
nonexchangeable NH^"*" (Table 2). At 45 days after fertilizer 
application, nonexchangeable NH^"^ accounted for 23 and 28% of the N 
applied to the Webster soil without and with nitrapyrin, and 5 and 
14% of the N applied to the Clarion soil. Between 45 and 90 days 
Figure 1. Isoconcentration lines (mg N kg"^ soil) for fertilizer-derived nonexchangeable 
in the Webster soil at 45 days after application of labeled NH3. NX 
signifies nitrapyrin 
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after application, an average of 83 and 87% of the fertilizer-derived 
nonexchangeable present at 45 days was released in the Webster 
and Clarion soils, respectively. At 45 days after fertilizer 
application, the corn plants were at approximately the VI2 growth 
stage (Ritchie et al., 1986), which is early in the period of most 
rapid N uptake by corn. The decrease in nonexchangeable during 
this period of intense N uptake may have been due to plant uptake and 
(or) nitrification; in either case the net effect was increased 
availability of fertilizer N. 
Between 45 and 90 days after fertilizer application, 26 to 79 kg 
N ha"^ of nonexchangeable was released in the Webster soil, and 
from 9 to 29 kg N ha"^ was released in the Clarion soil (Table 2). 
The recovery of fertilizer N by corn plants in this study averaged 69 
kg ha"^ (Sanchez, 1986), therefore the N released from the 
nonexchangeable fraction could represent a significant portion 
of the N taken up by the plants. The release of nonexchangeable 
indicates that this fertilizer-derived N was highly available to 
plants and nitrifiers. This is consistent with data presented in 
several studies, most recently that of Norman and Gilmour (1987), who 
found that 35-72 % of clay-fixed fertilizer N was available to plants 
and nitrifiers. 
The slow release of nonexchangeable observed in this study 
is consistent with other reports (e.g. Drury and Beauchamp, 1991) 
that have observed a slow-release characteristic for nonexchangeable 
NH^^. As exchangeable is depleted by plant uptake and 
20 
Table 2. Recovery of applied ^^N-labeled anhydrous ammonia as 
nonexchangeable to a depth of 37.5 cm. NI 
signifies nitrapyrin 
Recovery of applied N 
Soil Treatment 45 Days 90 Days Difference 
kg N/ha 
Webster -NI Rep 1 50.3 14, .9 35, ,4 
Rep 2 54.2 4 .6 49 .6 
+NI Rep 1 34.5 8 .6 25, .9 
Rep 2 89.4 10, .0 79, .4 
Clarion -NI Rep 1 9.9 1, ,1 8, ,8 
Rep 2 14.1 4, ,3 9, ,8 
+NI Rep 1 29.8 1. 2 28. 6 
Rep 2 34.0 4, ,5 29, ,5 
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nitrification, nonexchangeable may be released and taken up by 
plants. This hypothesis assumes that exchangeable and 
nonexchangeable tend toward equilibrium. This has been proposed 
(Noramik, 1957; Nommik and Vahtras, 1982), and is supported by data 
presented in Parts II, III, and IV of this dissertation. 
Soil factors such as pH, moisture content, and soil structure 
evidently had a greater effect on nonexchangeable concentrations 
in the Webster soil than did nitrapyrin. One replicate plot showed 
higher concentrations of fertilizer-derived nonexchangeable at 
45 days (Fig. 1, Rep. 2), while the other replicate did not (Fig. 1, 
Rep. 1). At 90 days after application, nitrapyrin had no discernable 
effect on the amounts of labeled N recovered as nonexchangeable 
(Fig. 3). Concentrations of fertilizer-derived nonexchangeable 
in the center of the retention zone at 45 days in the Clarion soil 
were more than twice as high where nitrapyrin was added (Fig. 2). At 
90 days after application, however, there were negligible effects of 
nitrapyrin on amounts of fertilizer-derived nonexchangeable 
(Fig. 4). Recovery of fertilizer N by corn plants in this study was 
higher for plots treated with nitrapyrin (66 vs. 77 kg N ha'^ for, 
Webster, 58 vs. 74 kg N ha'^ for Clarion; Sanchez, 1986), although 
total N uptake by plants was not increased by nitrapyrin. The 
increased uptake of fertilizer N where nitrapyrin was added may 
result from the slow release of nonexchangeable 
The amounts of fertilizer N recovered as nonexchangeable 
were much higher than those reported in the previous laboratory 
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experiments that have studied the fixation of derived from 
^%-labeled NH^ (Chalk and Keeney, 1975; Norman et al., 1987; Norman 
and Gilmour, 1987). For example, Chalk and Keeney (1975) reported 
that 4% of the NHg-N was clay-fixed after several months of 
incubation and crop growth, and Norman et al. (1987) reported that no 
more than 5% of the NHg-N added was fixed by clays and that these 
amounts did not decrease during a 112-day incubation at constant 
temperature and humidity. However, laboratory studies cannot 
simulate field conditions where variable soil temperatures, soil 
moisture and structure, and the presence of plants may all interact. 
The unique aspects of this study are that (i) the use of ^^N permits 
precise determination of amounts of fertilizer N in the 
nonexchangeable NH^"*" fraction, and (ii) the application of NHg in the 
field simulates conditions within agricultural fields. The results 
from this study illustrate that the time of sampling is critical, 
because nitrification and plant uptake of N cause this 
nonexchangeable NH^"^ pool to decrease over time. 
Samples used in this study were air-dried prior to extraction of 
exchangeable and determination of nonexchangeable NH^"*". Studies 
using N fertilizers other than NHg have shown that air-drying of 
soils tends to increase the fixation of added NH^"^ (Blasco and 
Cornfield, 1966; Black and Waring, 1972). Therefore, it should be 
recognized that the sample drying in this study may have changed the 
relative proportions of NH^"*" found in exchangeable and 
23 
nonexchangeable forms from those in the field. This possibility will 
be addressed in Part II of this dissertation. 
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SUMMARY 
Nitrogen-15-labeled anhydrous NHg with and without nitrgpyrin 
was applied to soils in the field and the recovery of the fertilizer 
N as nonexchangeable NH^"^ was evaluated at 45 and 90 days after 
application. Significant amounts (as much as 30%) of the NH^ applied 
to the soils was retained as nonexchangeable This soil N 
fraction was temporarily protected from such N loss mechanisms as 
denitrification or nitrification with subsequent leaching, and 
undergoes a slow release during the growing season. The amounts of 
nonexchangeable NH^^-N released compared favorably with the amounts 
of fertilizer N taken up by corn plants. The effects of nitrapyrin 
were inconsistent; in general, soil factors were more important in 
determining nonexchangeable concentrations than was nitrapyrin. 
25 
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PART II. EXCHANGEABLE AND NONEXCHANGEABLE AMMONIUM IN FIELDS 
FOLLOWING APPLICATIONS OF NITROGEN-15-LABELED ANHYDROUS 
AMMONIA 
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INTRODUCTION 
Ammonia (NH3) added to soil may undergo chemical or physical 
sorption onto soil mineral or organic constituents, dissolve in soil 
water, or diffuse through soil pores to be lost to the atmosphere 
(Mortland, 1958). The retention of ammonia in soils is affected by 
many factors, including pH, moisture content, structure, texture, 
organic matter content, depth of application, and amount of ammonia 
added (Blue and Eno, 1954; Stanley and Smith, 1956; Nommik and 
Nilsson, 1963; Parr and Papendick, 1966). 
Ammonium fixation is a mechanism for chemical adsorption that 
under some conditions is an important fate of NH^"'"-containing 
fertilizers applied to soils. Fixed, or nonexchangeable NH^^, is 
defined as that which is not extractable with a neutral solution 
(SSSA, 1979). I will use the terms "fixed NH^"*"" and "nonexchangeable 
to describe NHj or which is not extractable with and is 
therefore assumed to be intercalated within phyllosilicates. It must 
be recognized, however, that these terms may be misleading in view of 
the evidence presented herein that some nonexchangeable derived 
from fertilizers is released into soil solution during the growing 
season. 
Several studies have examined the fixation of NH^ or in the 
laboratory. Young and Cattani (1962) found in a laboratory study 
that as much as 8% of the NH^-N applied to soils was fixed within 12 
hours. Young (1964) found that 25% of the applied NH^ was fixed by 
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the organic plus mineral fractions of soil within 12 hours in a 
laboratory study. Chalk and Keeney (1975) studied the distribution 
of ^%-labeled NHg under simulated weathering conditions in the 
laboratory and found that from 1 to 4% of the NHg applied was 
recovered as nonexchangeable at the conclusion of the study. 
Recent studies (Thompson et al., 1988; Parts I and III of this 
dissertation) have illustrated that concentrations of fixed from 
fertilizers change greatly within a growing season, therefore the 
time at which soil samples are collected is critical for evaluating 
the importance of fixation. 
A mechanism to describe fixation between clay lattices was 
first proposed by Page and Baver (1939). They proposed that cations 
similar in size to the hexagonal openings in the tetrahedral sheets 
of phyllosilicates are easily fixed by expanding clay minerals. More 
recent studies suggest that the hydration energy of cations, rather 
than size, is the major factor controlling cation fixation (Sawhney, 
1972). Ammonium and cations have large radii (0.28 and 0.266 nm) 
and low hydration energies. Upon losing their coordinated water 
ligands within the clay interlayer, these cations attract the 
adjacent layers, causing contraction and fixation. Cations such as 
Ca^^, Mg2^, and Sr^"*", with high hydration energies, produce hydrated, 
expanded interlayers (Douglas, 1977) and are not fixed. 
There is some question as to whether NHg or is the 
predominant form fixed when clays are exposed to NH^. The 
concentration of NHg within NH^ bands is high in comparison with that 
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of (Mortland, 1958), and NHg may persist for considerable 
lengths of time (Khengre and Savant, 1977). The water-ammonia 
equilibrium (shown in equation 1) 
NH3 + HgO <---> + OH" (1) 
has a Kgq(25°C) of 10"4.76 ^^d Pinching, 1950) and favors the 
presence of high NH3 concentrations. However, higher acidity of 
water due to the effects of charged clay surfaces (Mortland and 
Raman, 1968) and a sink for NH^"*", such as fixation, may drive 
equation (1) to the right. Mortland et al. (1963) studied infrared 
absorption patterns of NH^-treated minerals and concluded that the 
ammonia existed primarily as NH^^ in interlayers. The mechanism for 
formation of NH^"*" was reaction of NH3 with water in the interlayer 
surfaces. Some authors have postulated that NHg may also be present 
in interlayers as ligands bound to exchangeable cations or H-bonded 
directly to the clay surfaces (Young and Cattani, 1962; Young and 
McNeal, 1964; Russell, 1965), especially where transition metal 
cations are present. 
Clay minerals differ greatly in their ability to fix NH^^, and 
this ability depends largely on the origin and amount of charge in 
the mineral. Because of high charge in tetrahedral layers and loss 
of interlayer K"*", vermiculites typically have a large capacity to fix 
Smectites have a lower layer charge than vermiculites and most 
of the charge originates from octahedral substitution. Smectites, 
therefore, have less tendency to fix NH^"*". 
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Amounts of fixation in soils have also been related to 
different types of adsorption sites on clays. Douglas (1977) 
proposed adsorption sites with differing selectivities for 1) 
wedge-shaped zones of collapsed verraiculite, creating a "frayed edge" 
at which highly selective sorption (fixation) may occur, and 2) 
interior planar surfaces having a lower selectivity. Sawhney (1972) 
proposed that the frayed edges were most important in fixation. When 
cations with low hydration energies are adsorbed to edge sites, the 
mineral lattice is easily collapsed, leading to an interlayer spacing 
similar to the core of the particle. Such a collapse is thought to 
impart stability to vermiculitic minerals. 
Many authors have assumed that exchangeable and nonexchangeable 
tend toward equilibrium (Hanway et al., 1957; Nommik, 1957; 
Black and Waring, 1972; Kowalenko and Cameron, 1976; Nommik and 
Vahtras, 1982). However, these authors have not presented 
quantitative relationships between exchangeable and nonexchangeable 
. Nommik (1957) and Newman and Oliver (1966) have found that 
only a small part of the nonexchangeable NH^"*" participates in an 
equilibrium with exchangeable 
Relatively few studies using NHg have been conducted under field 
conditions. This is due in part to the difficulties in application 
and sampling of NHg bands. Most of the detailed representations of 
the NHg retention zone have been obtained under conditions where the 
natural soil structure has been destroyed (e.g. Nommik and Nilsson, 
1963; Khengre and Savant, 1977; and Norman et al., 1987). Most of 
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the field studies using NH^ have employed sampling strategies such as 
concentric circles around the retention zone (Papendick et al., 1971; 
Cochran et al., 1973; Chalk et al., 1975; Hogg and Henry, 1982), bulk 
samples of the retention zone (Hendrickson et al., 1978a) or core 
samples (Hughes and Welch, 1970; Touchton et al., 1978). These 
methods are not suitable for observing the variability in thé 
retention zone shown to be inherent in field soils (Chalk et al., 
1975; Page, 1975; Hendrickson et al., 1978b). 
Previous studies (Part I) have shown that fixation of NH^"*" may 
be an important fate of NH^ applied to field soils. However, the 
samples collected in Part I were too large to accurately reflect NH^"*" 
distributions near the NHg band. Furthermore, studies are needed to 
observe the relationships between exchangeable and nonexchangeable 
under field conditions. The objectives of this study were (i) 
to observe the concentrations of nonexchangeable NH^"^ at various 
times following applications of labeled NHg, (ii) to observe the 
size and shape of the NHg retention zone under field conditions, 
(iii) to observe relationships between exchangeable and 
nonexchangeable NH^"^ within NHg bands, and (iv) to observe 
differences in concentrations of nonexchangeable NH^"*" caused by 
drying of the soils. 
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MATERIALS AND METHODS 
Microplots (2 by 2 m) were established on two soils, Webster 
(fine-loamy, mixed, mesic, Typic Haplaquoll) and Nicollet 
(fine-loamy, mixed, mesic, Typic Hapludoll) near Ames, Iowa on May 5, 
1989. Selected properties of these soils are summarized in Table 1. 
Nitrogen-15-labeled anhydrous NHg was applied to duplicate 
microplots at application rates of 100 and 170 kg N ha'^ for the 
Webster soil and 100 and 220 kg N ha"^ for the Nicollet soil. The 
NHg applied at the lower rates contained 4.75 Atom% ^^N and that 
applied at the higher rates contained 2.3 Atom% ^^N. The NHg was 
applied by using the small-plot applicator described by Sanchez and 
Blackmer (1987). In order to precisely locate the center of the NHg 
band, nylon line was attached to thé capillary tube before pulling it 
through the soil. The line was left in the soil after NHg 
application and at each sampling time was used to locate the exact 
position of the point of injection. Three NH-j bands were applied 
76.2 cm apart in each plot, the center band with ^^N-labeled NHg and 
the outer two bands with non-labeled NHg. The plots were planted to 
corn so that each corn row (two per plot) was halfway between two NHg 
bands. Phosphorus and K were applied at rates of 19 and 110 kg ha'^. 
The retention zone around the labeled NH^ band in each microplot 
was sampled at 10, 45, and 90 days after application of NHg. 
Sampling was accomplished by excavating aim deep pit perpendicular 
to the band. A steel frame (20 by 20 cm) divided into five 5-cm 
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Table 1. Selected properties of the soils used in 
this study 
pH Total N Nonexch. Sand Silt Clay 
NH4+ 
g kg ^ nig kg ^ 
Webster 5.2 2.8 125.5 34 34 32 
Nicollet 5.1 3.2 152.0 54 29 17 
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horizontal segments and backed with 1.9 cm thick plywood was centered 
on the band, with the center of the band located by the nylon line, 
and hammered into the exposed soil profile. Small spatulas were then 
used to separate the soil in the sampling frame into 25 samples with 
volumes of 80 cm^ each. A small subsample of each individual sample 
was stored in a capped glass vial for use in moisture determination 
in the laboratory. The soil samples were stored in plastic-lined 
sacks at 5°C until extraction for inorganic N one to two days after 
sampling. 
Approximately 5 g (air-dry basis) of the field-moist samples 
were weighed into 100 mL centrifuge tubes, extracted with 50 mL of 2M 
KCl solution, and vacuum-filtered through No. 5 Whatman filter paper. 
The extracts were saved for determination of inorganic N and isotopic 
abundance. Soil residues from these extractions were dried and 
ground to pass an 80-mesh sieve for determination of nonexchangeable 
The remainder of the samples in the plastic sacks were 
air-dried at 25°C and ground to pass a 2-mm sieve. Selected air-dry 
samples were extracted with 2M KCl and soil residues from the 
extractions were saved for determination of nonexchangeable NH^^. 
Inorganic N was determined in 2M KCl extracts of field-moist and 
air-dry soil samples by using a steam distillation procedure (Keeney 
and Nelson, 1982) modified for determination of isotopic abundance. 
Nonexchangeable NH^"*" was determined by using the method of Silva and 
Bremner (1966) and distillates were saved for analysis of isotopic 
abundance. Isotope ratio analyses were performed on a Finnigan MAT 
36 
250 isotope ratio mass spectrometer. Contour plots of distributions 
of N forms were generated by using the Plot-it Interactive Graphics 
program from Michigan State University (Eisensmith, 1987). 
Recoveries of fertilizer-derived N reported in Tables 2 and 3 were 
calculated by using bulk density values of 1.37 Mg m"^ for the 
Webster soil and 1.20 Mg m'^ for the Nicollet soil. 
Selected soil samples from inside and outside the NH3 band were 
first treated with H2O2 for removal of organic matter, then were 
fractionated by sieving to remove sand particles and by sedimentation 
to separate silt and clay particles. Clay separates were prepared 
for x-ray diffraction by using the Millipore filter transfer method 
as described by Moore and Reynolds (1989). Total N was determined by 
Kjeldahl digestion (Bremner and Mulvaney, 1982), pH in 0.01 M CaCl2 
(McLean, 1982), and particle size by using the pipette method (Day, 
1965). 
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RESULTS AND DISCUSSION 
At 10 days after application, an average of 98% of the 
fertilizer-derived exchangeable NH^^ found was located within a 
12-by-12-cm area centered on the point of NHg injection (Fig. 1). 
This indicates that the average retention zone diameter was no larger 
than the 10-12 cm retention zone found in several laboratory studies 
(Nommik and Nilsson, 1963; Khengre and Savant, 1977; Nommik and 
Vahtras, 1982; Norman et al., 1987). It is evident from Fig. 1 that 
there were steep gradients in NH^"*" concentrations; the concentrations 
within adjacent sampling blocks often differed by 10 to 100 fold. 
Although fertilizer-derived exchangeable NH^"*" concentrations 
were <1 ug g"^ in 79% of the outer blocks sampled at 10 days, some 
outer blocks contained appreciable amounts of fertilizer-derived 
exchangeable NH^"'" (e.g. Nicollet, 220 kg N ha'^. Rep. 1; Webster, 100 
kg N ha'l. Rep. 1; Fig. 1). Mass flow of NHg along cracks, 
macropores, or the channel left by the applicator knife at the time 
of NHg application probably caused such distributions. Although the 
amounts of fertilizer-derived in the outer blocks may be too 
small to be important, movement of NHg along cracks or larger pores 
could explain why concentrations were not uniformly distributed 
around the point of injection. The nonuniformities in distribution 
of NH3 are in contrast with the uniform distributions often depicted 
in laboratory studies (Nommik and Vahtras, 1982; Norman et al., 
1987), where soils were sieved and packed to a uniform bulk density. 
Figure 1. Concentrations (rag N kg' soil) of fertilizer-
derived exchangeable found in individual-
sampling blocks at 10 days after application of 
labeled NH3 
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Because of the high concentration gradients and the nonuniformity of 
the NHg band, methods for sampling bands using concentric circles 
(Papendick et al., 1971; Cochran et al., 1973; Chalk et al., 1975) or 
core sampling (Hughes and Welch, 1970; Touchton et al., 1978) may not 
yield accurate descriptions of the NHg retention zone. 
Data from Fig. 1 are easier to visualize when the concentration 
distributions are reconstructed by using computer models as shown in 
Fig. 2 and 3. However, it should be noted that the computer model 
tended to underestimate the concentrations that occurred near the 
point of injection. That is, the highest concentrations indicated in 
Fig. 2 and 3 were always less than the mean concentration within the 
central block. The models also tended to mask the irregularities in 
the shape of the retention zone that are seen in Fig. 1. 
The concentrations of fertilizer-derived exchangeable NH^^ (Fig. 
2 and 3) decreased rapidly with time. For example, the Nicollet and 
Webster soils at 45 days contained only 25 and 2% of the 
fertilizer-derived exchangeable NH^"*" found at 10 days. The changes 
in fertilizer-derived exchangeable NH^"*" were probably due largely to 
nitrification. This is shown by increasing concentrations of 
fertilizer-derived NOg" with time (Table 2). The slightly higher 
rate of nitrification in the Webster soil than in the Nicollet soil 
was probably due to a heavy rainfall that occurred on May 24 and 
temporarily flooded the plots on the Nicollet soil. 
The amounts of fertilizer N recovered as exchangeable and 
nonexchangeable NH^"*" were highly variable between replicate 
Figure 2. Concentration (mg N kg' soil) distributions for 
fertilizer-derived exchangeable in the Webster 
soil at various times after application of 
labeled NH3 
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Figure 3. Concentration (mg N kg" soil) distributions for 
fertilizer-derived exchangeable in the Nicollet 
soil at various times after application of 
N-labeled NHg 
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Table 2. Recovery of ^^N-labeled NH3 in field-moist 
soil samples as exchangeable NH^ , 
nonexchangeable and NO3 
10 1 156.2 
2 39.3 
45 1 13.0 
2 4.1 
90 1 0.0 
2 0.0 
10 1 94.2 
2 45.2 
45 1 20.4 
2 26.6 
90 1 0.5 
2 0.4 
10 1 67.6 
2 61.5 
45 1 0.1 
2 0.7 
90 1 0.0 
2 0.5 
10 1 159.3 
2 82.7 
45 1 7.6 
2 1.8 
90 1 0.0 
2 0.0 
N Exch. Nonexch. 
Rate Day Rep NO^ 
• % of N applied 
Nicollet 
100 1.7 4.2 
0.9 2.4 
0.9 72.9 
1.4 68.4 
0 . 0  0 . 0  
0.2 0.7 
220 0.8 3.1 
1.0 1.6 
1.0 33.7 
0.8 25.5 
0.5 23.2 
0 . 6  8 . 2  
Webster 
100 10.8 4.5 
6.8 5.6 
3.1 43.0 
4.8 41.5 
0 . 8  1 . 6  
0 . 8  8 . 0  
170 20.9 4.9 
7.8 4.9 
7.1 42.2 
6.8 32.9 
0.9 14.5 
0.5 13.2 
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microplots (Table 2). The variability may be due to a number of 
factors, including uneven distributions of NH3 along the band and 
volatilization of NHg following application or sampling. Movement of 
NHg along the band at the time of application could be important 
because the NH^ applicator creates a channel through which flow of 
NH3 should be expected. The soil samples analyzed included only a 
5-cm length of the band, therefore small irregularities in this 
channel may have influenced the amount of movement of NH3 along the 
band and caused the observed variability in recoveries of fertilizer 
N. This variability in recovery does not invalidate studies of the 
relationships between exchangeable and nonexchangeable or 
descriptions of the retention zone. 
The amounts of fertilizer-derived nonexchangeable found at 
various times are shown in Table 2 and the concentration 
distributions are shown in Fig. 4 and 5. Concentrations decreased 
with time, a trend that is probably prompted by decreases in 
concentrations of exchangeable It seems likely that as 
exchangeable was depleted, nonexchangeable was released and 
nitrified. The amounts of fertilizer N recovered as nonexchangeable 
were much greater in the Webster than in the Nicollet soil 
(Table 2) ; indeed, fixation of was not an important 
transformation of fertilizer N in the Nicollet soil. Concentrations 
of native nonexchangeable in both soils (Table 1) were greater 
than concentrations of fertilizer-derived nonexchangeable NH^^. 
Figure 4. Concentration (mg N kg" soil) distributions for 
fertilizer-derived nonexchangeable in the 
Webster soil at various times after application of 
^%-labeled NH3 
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Figure 5. Concentration (mg N kg" soil) distributions for 
fertilizer-derived nonexchangeable in the 
Nicollet soil at various times after application of 
l^N-labeled NH3 
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Good relationships were observed between concentrations of 
fertilizer-derived exchangeable and nonexchangeable 
among the samples collected within each soil at 10 days (Fig. 
6). These relationships evidence a tendency toward equilibration 
between exchangeable and nonexchangeable Accordingly, the 
concentrations of fertilizer-derived nonexchangeable found 
within each soil at this time were largely determined by 
concentrations of fertilizer-derived exchangeable NH^^. The 
linearity of the relationships at 10 days may also indicate that the 
rate of fixation, as well as the concentrations of nonexchangeable 
is proportional to concentrations of exchangeable Newman 
and Oliver (1966) proposed that the rate of fixation is at least 
partly diffusion-controlled, an observation that would suggest that 
the rate of fixation is concentration-dependent. 
The relationships between exchangeable and nonexchangeable NH^"^ 
differed between the soils, with the Webster soil having about ten 
times as much nonexchangeable per unit of exchangeable NH^"^ as 
did the Nicollet soil. X-ray diffraction analyses of the clay 
fractions of the soils provided no evidence for differences between 
the soils; clay fractions of both soils were predominantly smectite, 
with less amounts of illite, kaolinite, and quartz. Moreover, 
analyses also showed that concentrations of soil-derived 
nonexchangeable NH^^ in the clay fractions were similar in the soils. 
Part of the difference between the soils is undoubtedly due to the 
higher clay content of the Webster soil (Table 1). The remainder of 
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Figure 6. Relationships between fertilizer-derived exchangeable 
and nonexchangeable in individual sampling 
blocks at 10 days after application of N-labeled 
NH3 
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the difference could be explained if the Webster soil tended to have 
smaller particles within the clay fraction and, therefore, more 
surface area for fixation to occur. 
The relationships between exchangeable and nonexchangeable 
fertilizer-derived at 10 days indicate much less nonexchangeable 
per unit of exchangeable than was found in other chapters 
of this dissertation. For example, approximately one to one 
relationships were observed in four Iowa soils in Part III. These 
differences can be explained if it is reasoned that the slopes should 
be lower when recent additions of NH^"^ prompt movement of into 
nonexchangeable positions than when recent depletions of exchangeable 
prompt release of nonexchangeable By the same reasoning, 
the poor relationships between exchangeable and nonexchangeable 
in Fig. 7 can be explained if fixation of were increasing in 
some sampling blocks and decreasing in others. The slope of the 
relationship between exchangeable and nonexchangeable NH^"^ at any 
given time seems to depend upon the direction from which equilibrium 
is being approached, that is, whether the predominant reaction is 
fixation or release. 
Air-drying of the soil samples resulted in decreases in amounts 
of fertilizer-derived exchangeable present at 10 days (Table 3). 
This decrease could be due to volatilization of NHg, a process 
favored by the high pH values typically found in NHg retention zones 
when high concentrations of are present. This decrease could 
also be caused by fixation of due to dehydration and subsequent 
54 
Webster Soil Nicollet Soil 
^ 100 
75 
50 
25 
45 Days 0 
.0 0 
0 
D 0 
b 
? ° 
b ° 
f . . 
45 Days 
50 100 150 200 0 100 200 300 400 500 
o 
z 
90 Days 90 Days 
0 4 8 12 16 0 
Exchangeable NH^^-N (ug g~^) 
2 4 6 8 10 
Exchangeable NH^^-N (ug g~^) 
Figure 7. Relationships between fertilizer-derived exchangeable 
and nonexchangeable in individual sampling 
blocks at 45 and 90 days after application of 
labeled NH3 
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Table 3. Recovery of in soils as exchangeable and 
nonexchangeable in field-moist and air-dry samples 
Exch. Nonexch. 
N Rate Day Rep Moist Dry Moist Dry 
% of N Applied 
Nicollet 
100 10 1 156.2 117.0 1.7 8.1 
2 39.2 36.1 0.9 4.0 
45 1 13.0 11.1 0.9 1.6 
2 4.1 4.8 1.4 1.1 
90 1 0.0 0.0 0.0 0.0 
2 0.0 0.0 0.2 0.1 
220 10 1 94.2 59.5 0.8 3.4 
2 45.2 37.7 1.0 2.6 
45 1 20.4 16.7 1.0 2.0 
2 26.6 25.8 0.8 2.8 
90 1 0.5 0.8 0.5 0.2 
2 0.4 0.7 0.6 0.3 
Webster 
100 10 1 67.6 39.4 10.8 22.0 
2 61.5 42.0 6.8 19.8 
45 1 0.1 0.3 3.1 4.0 
2 0.7 1.7 4.8 2.4 
90 1 0.0 0.3 0.8 0.5 
2 0.5 0.6 0.8 0.7 
170 10 1 159.3 115.4 20.9 30.7 
2 82.7 71.7 7.8 18.7 
45 1 7.6 5.4 7.1 4.1 
2 1.8 3.5 6.8 4.2 
90 1 0.0 0.3 0.9 0.5 
2 0.0 0.2 0.5 0.3 
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collapse of the clay layers (Blasco and Cornfield, 1966; Nommik and 
Vahtras, 1982). 
Air-drying of soil samples before analysis tended to increase 
concentrations of fertilizer-derived nonexchangeable in samples 
collected at 10 days and decrease these concentrations in samples 
collected at 45 and at 90 days (Fig. 8). This effect could be 
explained if air-drying tends to accelerate equilibration between 
exchangeable and nonexchangeable When exchangeable 
concentrations are high soon after fertilization, acceleration of the 
equilibrium would tend to favor increases in concentrations of 
nonexchangeable After concentrations of exchangeable NH^"^ have 
been decreased by nitrification or other processes, however, 
acceleration of equilibrium would tend to favor release of 
fertilizer-derived nonexchangeable Such an explanation would 
suggest that air-drying of soils can result in a relatively large 
overestimate of nonexchangeable in soils having high 
concentrations of exchangeable soon after fertilization and 
relatively small underestimates in soils when exchangeable has 
been recently depleted by nitrification or other processes. Such 
trends are evident in Table 3. 
Figure 8. Relationships between nonexchangeable in 
field-moist and air-dry soil samples at various times 
after application of N-labeled NHg 
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SUMMARY 
Nitrogen-15-labeled anhydrous NHg was applied to two Iowa soils, 
a Webster clay loam and a Nicollet silt loam. The amounts of 
fertilizer N recovered as nonexchangeable NH^"^ were highly variable 
in both space and time. An average of 98% of the fertilizer-derived 
nonexchangeable was recovered within 12 cm of the point of 
injection. Concentrations of fertilizer-derived nonexchangeable 
were proportional to concentrations of fertilizer-derived 
exchangeable and decreased with time as exchangeable 
concentrations decreased. 
Although these soils often occur in adjacent positions in a 
toposequence and were similar in mineralogy, they exhibited very 
different capacities for fixing in the Webster soil 
nonexchangeable was an important fate of fertilizer N, while in 
the Nicollet soil it was not. The two-fold difference in clay 
content between the soils accounts for some of this difference, and 
other factors such as surface area may also account for the 
differences in fixation observed. 
Air-drying of soil samples that contained high concentrations of 
fertilizer-derived exchangeable resulted in losses of this NH^^ 
due partly to fixation of NH^"*" upon drying. Air-drying of soils 
having low concentrations of fertilizer-derived exchangeable NH^ "*" 
resulted in slight increases in exchangeable concentrations due 
to release of fertilizer-derived nonexchangeable NH^"*". 
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PART III. EXCHANGEABLE AND NONEXCHANGEABLE AMMONIUM IN 
FIELDS FOLLOWING APPLICATIONS OF NITROGEN-15-LABELED UREA 
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INTRODUCTION 
Urea (CO(NH2)2) "lay be applied to soils by broadcasting on the 
surface, broadcasting followed by incorporation, or by banding 
beneath the soil surface. Urea may be leached through the soil as an 
uncharged species or it may be adsorbed to clay minerals or soil 
organic matter (Nommik, 1973; Gould et al., 1986). Urea is also 
highly susceptible to enzyme-catalyzed hydrolysis to NH^ and CO2. 
This reaction may occur very rapidly under some soil conditions, 
especially where high amounts of the enzyme urease are present, such 
as in crop residues. 
Hydrolysis of a urea granule in soil creates a microsite with a 
O 
volume of about 65 mm (Hauck, 1984). The pH within the microsite is 
high (Hauck, 1984) and concentrations of NH^^-N may exceed 1000 mg 
kg"^ soon after urea application (Pang et al., 1973; Savant et al., 
1982; Hauck, 1984). Although NH^^ is soon nitrified under aerobic 
soil conditions, the temporarily high NH^"*" concentrations within the 
microsite create favorable conditions for NH^"*" reactions with clays 
and soil organic matter. 
In studies of urea fertilizer, it is NHg and its reactions that 
have received the most attention. For example, a large number of 
studies have been concerned with the volatilization of NHg, often 
considered to be the most prevalent mechanism for loss of urea-N from 
soils. Ammonia volatilization is generally greater in alkaline or 
calcareous soils (Fenn and Miyamoto, 1981; Trierweiler and Bishop, 
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1983). Application of urea to dry or rapidly drying soil surfaces 
results in low NH3 volatilization, presumably due to low urease 
activity under dry conditions (Volk, 1966; Fenn and Escarzaga, 1976; 
Vlek and Carter, 1983). Volatilization is lowest when urea is 
incorporated into the soil or is moved into the soil by rainfall or 
irrigation before hydrolysis (Volk, 1966; Fenn and Miyamoto, 1981). 
Volatilization is less in soils with high cation exchange capacities 
(Fenn and Kissel, 1976). 
In contrast to NH^ volatilization, the fixation of derived 
from urea has received relatively little attention. Allen et al. 
(1973) and Nannipieri et al. (1985) measured amounts of 
nonexchangeable derived from ^^N-labeled urea after one growing 
season and found that generally less than 1 % of the applied N was 
present as nonexchangeable Rechcigl et al. (1988) reported 
that concentrations of nonexchangeable in a silt loam soil were 
increased by three years of applications of urea or urea plus 
nitrapyrin. Aulakh and Rennie (1984) estimated that as much as 10% 
of the fall-applied urea may have been present as nonexchangeable 
the following spring. Nonexchangeable appeared to decrease 
during the subsequent growing season, therefore exhibiting a 
slow-release characteristic. Juma and Paul (1983) found that from 
5-8% of applied urea was present as nonexchangeable following a 
cropping season. Upon incubation in the laboratory, this residual 
nonexchangeable was released at rates conforming to first-order 
kinetics, with a half-life of 38 weeks. 
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Because the fixation of derived from urea has been little 
studied, especially under field conditions, more studies are needed 
to evaluate the importance of this reaction under field conditions. 
In this study I report analyses of exchangeable and nonexchangeable 
in samples previously collected by Priebe (1988). The samples 
• 1 C 
were collected from plots fertilized with N-labeled urea on four 
Iowa soils. Plots were sampled at two, four, six, and eight weeks 
after fertilizer application. The objectives of the present study 
were (i) to quantify the amounts of urea-N recovered as 
nonexchangeable at various times during the growing season, and 
(ii) to observe the relationships between concentrations of 
fertilizer-derived exchangeable and nonexchangeable 
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MATERIALS AND METHODS 
The samples used in this study were collected by Priebe (1988) 
during the spring and summer of 1983. Two calcareous soils (Canisteo 
and Calcareous Overwash) and two noncalcareous soils (Webster and 
Clarion) used for corn production were included in the study. 
Selected soil properties are summarized in Table 1, and rainfall 
amounts during the study are summarized in Fig. 1. 
Twelve microplots were established on a 10 m by 15 m area on 
each site by driving stakes into the soil on the perimeter of the 
area and stretching strings across opposite stakes. The points 
directly below the intersections of the strings were designated as 
the centers of the microplots. Rings 18 cm in diameter were placed 
on the soil at the microplot centers to mark the areas to be 
fertilized. Urea granules labeled with 5.2 Atom % were applied 
within the rings at a rate equivalent to 175 kg N ha"^. Immediately 
after application of the urea the rings and strings were removed from 
the microplots. 
Triplicate microplots at each site were destructively sampled at 
two, four, six, and eight weeks after application of urea. Rings 22, 
31, 38, and 60 cm in diameter were placed on the soil surface so that 
the center of each ring coincided with the center of the fertilized 
circle. Four soil samples were obtained from each of three 5-cm 
depth increments (0-5 cm, 5-10 cm, and 10-15 cm) by completely 
excavating the soil within the 22-cm ring, between the 22- and 31-cm 
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Table 1. Selected properties of the soils used in this study 
(from Priebe, 1988) 
Textural 
Soil Class Sand Silt Clay CCEt Total N pH 
Webster Clay 28 37 35 
loam 
.332 6 . 6  
Clarion Loam 36 42 22 .205 6 . 2  
Canisteo Clay 34 35 31 
loam 
292 7.9 
Calcareous Silty 18 46 36 
Overwash clay 
loam 
13 ,276 8.1 
t CCE = Calcium carbonate equivalent. 
Figure 1. Rainfall events that occurred during the study in relation to date of urea 
application (A) and dates of sample collection (S) at each site. Site 1 is 
Webster, 2 is Clarion, 3 is Canisteo, and 4 is Calcareous Overwash. Rainfall 
amounts in mm are shown at the top of the Figure (from Priebe, 1988) 
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rings, between the 31- and 38-cm rings, and between the 38- and 60-cm 
rings. All samples were air-dried, passed through a 2 mm sieve, and 
thoroughly mixed. Essentially no labeled was present below 10 
cm, therefore for the purposes of this study the 0-5 cm depths within 
the 0-22 cm and 22-31 cm rings, and the 5-10 cm depth within the 0-22 
cm ring were analyzed for exchangeable and nonexchangeable 
Recoveries of labeled N reported in Table 2 were calculated by using 
bulk densities of 1.37 Mg m"^ for the Webster soil, 1.42 Mg m"^ for 
the Clarion soil, 1.30 Mg m"^ for the Canisteo soil, and 1.27 Mg m'^ 
for the Calcareous Overwash soil. 
Exchangeable was extracted from air-dry samples by using 2M 
KCl (Keeney and Nelson, 1982). Ammonium was determined in the 
extracts by a steam distillation method modified for the recovery of 
X5 1S N, and distillates were analyzed for N abundance by using a 
Finnigan MAT 250 isotope ratio mass spectrometer. Soil residues from 
the 2M KCl extractions were air-dried and ground to pass an 80 mesh 
sieve. Nonexchangeable NH^"^ was then determined on one-gram samples 
by using the method of Silva and Bremner (1966), followed by analysis 
for ^^N abundance. Statistical analyses were performed by using the 
General Linear Models procedure (Spector et al., 1985). 
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RESULTS AND DISCUSSION 
The amounts of fertilizer N recovered as exchangeable NH^"*" 
varied greatly among soils at two weeks after application (Table 2). 
The amounts of fertilizer-derived exchangeable decreased with 
time, and at eight weeks the amounts found in the four soils were 
similar. The decreases in exchangeable NH^"*" were probably due 
largely to nitrification, although volatilization and immobilization 
may also have been responsible. The rate at which nitrification 
occurred was undoubtedly governed by several factors, including soil 
moisture, temperature, and pH. 
Amounts of fertilizer N recovered as nonexchangeable NH^^ were 
also highly variable between soils and decreased with time (Table 2). 
A first-order kinetic plot describing the release of nonexchangeable 
NH^"*" is presented in Fig. 2, and the parameters derived from the 
first-order equations are listed in Table 3. Because there were no 
significant decreases in nonexchangeable concentrations between 
six and eight weeks, the kinetic equations apply only to the period 
between two and six weeks. The release of nonexchangeable NH^ "*" 
conformed approximately to first-order kinetics between two and six 
weeks. This conformance suggests that this reaction was dependent 
upon nonexchangeable NH^"*" concentrations, as should be expected in a 
first-order reaction. The apparent lack of release between six and 
eight weeks suggests that the fertilizer-derived nonexchangeable 
had reached equilibrium with exchangeable NH^^. Differences in 
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Table 2. Mean recoveries of urea-N as exchangeable (EA) and 
nonexchangeable (NEA) at various times after 
application of N-labeled urea 
Calcareous 
Webster Clarion Canisteo Overwash 
EA NBA EA NEA EA NEA EA NEA 
-kg N ha'^-
2 weeks 29, 6at 27, ,3a 17, .Oa 10, ,3a 8 ,4a 10, ,2a 37, ,Oa 45, ,6a 
4 weeks 11, ,8b 12, ,7b 5, ,9b 6, ,8ab 2 ,7b 6, ,7a 5, ,1b 14, ,0b 
6 weeks 4. ,9b 6, ,9c 3, ,0b 4, ,3b 1. ,4b 5, ,5a 2, ,6b 10, ,2bc 
8 weeks 3. ,5b 6, , 6c 2, ,7b 3. ,4b 1, ,9b 6, ,7a 2, ,2b 9, ,4c 
t Letters within columns followed by the same letter are not 
significantly different according to Fisher's LSD test with 
P = 0.05. 
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Figure 2. First-order kinetic plot for changes in urea-derived 
nonexchangeable NH^^-N from 2 to 8 weeks after urea 
application 
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Table 3. Parameters derived from first-order 
kinetic plots of nonexchangeable 
as a function of time 
Soil r t k t tiyg 
week"^ weeks 
Webster 
-1, o
 
o
 
0.342 2.0 
Clarion -1, .00 0.217 3.2 
Canisteo -0, 98 0.155 4.5 
Calcareous -0, ,95 0.375 1.8 
Overwash 
t r = simple regression coefficient. 
4^ k = apparent rate coefficient, calculated 
as the negative of the slope 
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equilibrium concentrations of nonexchangeable between soils are 
probably due to factors such as clay content, clay surface area, and 
clay selectivity for 
Good relationships were observed between fertilizer-derived 
exchangeable and nonexchangeable for the four soils (Fig. 3), 
and these relationships evidence a tendency toward equilibrium 
between exchangeable and nonexchangeable The first-order 
dependence of nonexchangeable release and the relationships 
observed in Fig. 3 suggest that concentrations of fertilizer-derived 
exchangeable NH^"^ were controlled by concentrations of 
fertilizer-derived nonexchangeable under the conditions of this 
study. Relationships presented in Part II of this dissertation 
showed that exchangeable and nonexchangeable tended toward 
equilibrium when exchangeable apparently controlled 
nonexchangeable 
When data from Fig. 3 were plotted on one graph, a highly 
significant relationship between exchangeable and nonexchangeable 
resulted (Fig. 4). These relationships provide further evidence 
that exchangeable and nonexchangeable tend toward equilibrium 
and that, despite differences between soil properties, the soils 
exhibited similar fixation properties. 
Both within soils (Fig. 3) and across soils (Fig. 4) the 
relationship between exchangeable and nonexchangeable had a 
slope of approximately 1, indicating that these soils contained equal 
amounts of fertilizer-derived exchangeable and nonexchangeable 
Figure 3. Relationships between fertilizer-derived exchangeable and nonexchangeable 
in individual soil samples 
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Figure 4. Relationships between fertilizer-derived exchangeable and 
nonexchangeable when data from the four soils are 
combined 
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The relationships between exchangeable and nonexchangeable 
presented in Part IV of this dissertation also had a one to one 
slope. The similarities between these results may be explained if it 
is assumed that nonexchangeable NH^"^ concentrations were controlling 
exchangeable concentrations. Relationships presented in Part II 
showed much different slopes ; it is proposed that in those samples 
exchangeable concentrations were controlling nonexchangeable 
NH^"^ concentrations. 
Similar relationships (Fig. 3 and 4) were observed across soils 
having different clay contents, an observation that seems to conflict 
with reports that clay is important in determining amounts of 
fixation from fertilizers (Sowden et al., 1978; Rechcigl et al., 
1988). However, in this study clay content alone was poorly 
correlated with fertilizer-derived nonexchangeable 
concentrations. There are no doubt interactions between soil and 
climatic factors which influence the degree to which fixation 
occurs. For example, the large amount of fixation which 
occurred in the Calcareous Overwash soil (Table 2) was probably due 
to the soil surface remaining relatively dry after application. Only 
5 cm of rainfall occurred at this site between application and the 
first sampling date (Fig. 1). Furthermore, results presented in Part 
IV of this dissertation have shown that climatic influences accounted 
for ten-fold differences in amounts of fertilizer-derived 
nonexchangeable in one soil. 
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The amounts of nonexchangeable found in the O-to-5 and 
5-to-10-cm depths are summarized in Table 4. In general, very little 
nonexchangeable was found below 5 cm. This indicates that even 
in the sites where appreciable rainfall fell between application and 
two weeks (Webster and Clarion, Fig. 1), urea that moved downward 
into,the profile was hydrolyzed and fixed only to a very limited 
extent. Because it is an uncharged species, urea can move downward 
with the wetting front (Gould et al., 1986). Ammonium, however, will 
be adsorbed to soil colloids and in general will not move with 
percolating waters. 
The half-lives (C^y^) release of nonexchangeable (Fig. 
2) were calculated by using equation (1), 
ti/2 - In 2/k (1) 
where k is the apparent rate constant for the disappearance of 
(Espenson, 1981). The half-lives ranged from approximately 2 to 5 
weeks (Table 3). Half-lives were much shorter than those reported 
for nonexchangeable by Juma and Paul (1983), who evaluated in a 
labaratory study the changes over a twelve-week period in 
nonexchangeable derived from urea. They also found that the 
release of nonexchangeable followed first-order kinetics, with 
half-lives of approximately 38 weeks. The difference in persistence 
of nonexchangeable between the two studies may be due to the 
time of sample collection. Juma and Paul (1983) incubated their 
samples after a cropping season. Therefore, nonexchangeable 
concentrations were much lower than in this study. As a result, 
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Table 4. Mean recoveries of urea-derived N as exchangeable (EA) 
and nonexchangeable (NEA) in the 0-5 and 5-10 cm 
depths at various times after application of urea 
2 weeks 4 weeks 6 weeks 8 weeks 
Soil Depth EA NEA EA NEA EA NEA EA NEA 
cm kg N ha'l 
Webster 0-5 29 .3 27 .0 11. 8 12 .7 4 .9 6 .9 3 .3 6 .5 
5-10 0 .3 0, .3 0. 0 0, .0 0, .0 0, ,0 0 .2 0 ,1 
Clarion 0-5 16 .7 9. 5 5. 7 6, .7 2 ,8 4, .2 1, .8 3 .4 
5-10 0 .3 0, ,8 0. 2 0, .1 0, ,2 0, ,1 0. 8 0, .0 
Caiiisteo 0-5 8, ,3 9. 9 2. 6 6, ,7 1. 3 5, 2 1, ,7 6. ,5 
5-10 0, ,1 0. 3 0. 1 0, 0 0. 1 0. 3 0. 2 0, 2 
Calcareous 0-5 37. ,0 45. 5 4. 7 13. 7 2. 4 9. 0 2. 0 9. 3 
Overwash 5-10 0. 0 0. 1 0. 4 0. 3 0. 2 0. 3 0. 2 0. 1 
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their results do not describe the kinetics of release of 
nonexchangeable in recently fertilized soils. Instead, their 
results appear to describe the release of nonexchangeable NH^"^ under 
conditions where nonexchangeable was near equilibrium with 
soil-derived exchangeable Under these conditions 
nonexchangeable NH^"^ may be released more slowly than that present in 
recently-fertilized soils, where plants and microorganisms are 
actively taking up N. 
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SUMMARY 
The amounts of labeled urea found as nonexchangeable in 
four Iowa soils were highly variable among soils. Two weeks after 
urea application, nonexchangeable accounted for 5 to 26% of the 
fertilizer N applied. Amounts of fertilizer-derived nonexchangeable 
decreased with time in each soil and the decreases followed 
first-order kinetics. 
Concentrations of fertilizer-derived exchangeable explained 
81% of the variability in nonexchangeable concentrations. 
Neither clay content, soil pH, or CaCOg content were significantly 
correlated with concentrations of fertilizer-derived nonexchangeable 
It is most likely that complex interactions of soil and 
climatic factors influenced the amounts of fixation that 
occurred. 
Linear relationships with one-to-one slopes were found between 
fertilizer-derived exchangeable and nonexchangeable within and 
across soils. Results suggest that release of nonexchangeable 
was the predominant reaction occurring, and that concentrations of 
fertilizer-derived nonexchangeable were controlling 
concentrations of fertilizer-derived exchangeable 
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PART IV. EFFECTS OF INITIAL SOIL MOISTURE CONTENT AND RAINFALL ON 
FIXATION OF AMMONIUM FROM NITROGEN-15-LABELED UREA 
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INTRODUCTION 
The effects of soil moisture and rainfall on some of the 
transformations and losses of fertilizer urea (CO(NH2)2) in soils 
have been widely studied. For example, it has been reported in a 
number of studies that increasing soil moisture contents generally 
lead to increasing losses of urea-N by NHg volatilization (Baligar 
and Patil, 1968; Craig and Wollum, 1982; Fenn and Miyamoto, 1981). 
Leaching of urea into the soil is known to decrease the potential for 
NHg losses by volatilization. (Craig and Wollum, 1982; Fenn and 
Miyamoto, 1981). 
The effect of soil moisture contents on losses of urea as NH^ is 
due to the effect of moisture on urease activity. Urease is the soil 
enzyme which catalyzes the hydrolysis of urea to CO2 and NHg, and its 
activity is proportional to soil moisture contents (Gould et al., 
1986). Vlek and Carter (1983) reported that rates of urea hydrolysis 
decreased dramatically with decreasing soil moisture contents. This 
effect is probably due to decreased rates of diffusion of urea and 
(or) urease at lower moisture contents. Lower rates of urea 
hydrolysis will tend to decrease the potential for losses of urea as 
NH3 (Ferguson and Kissel, 1986). 
The NHg resulting from urea hydrolysis may be converted to NH^^ 
in soils and undergo adsorption or fixation reactions with clay 
minerals. Aulakh and Rennie (1984) estimated that initially as much 
as 10% of the fall-applied urea in their study may have been present 
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as nonexchangeable Juma and Paul (1983) reported that 5 to 8 
percent of ^^N-labeled urea applied in the field was present as 
nonexchangeable following cropping. Studies reported in Part 
III of this dissertation showed that in four Iowa soils from 5 to 25% 
X5 
of the N-labeled urea applied under field conditions was found as 
nonexchangeable NH^"^ at two weeks after application. The subsequent 
release of this nonexchangeable showed that it may be an 
important source of N for plants and nitrifiers. 
Previous studies have shown the importance of fixation as a 
transformation of fertilizer urea. Studies are needed to determine 
the effect of various environmental factors on the fixation of 
derived from urea. Here are reported analyses of soil samples 
collected by Priebe (1988). The objectives of this study were (i) to 
determine the effect of initial soil moisture on fixation of 
derived from urea, (ii) to determine the effect of rainfall on 
fixation from urea and subsequent distribution of nonexchangeable 
by depth in the soil, and (iii) to observe the relationships 
between fertilizer-derived exchangeable and nonexchangeable 
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MATERIALS AND METHODS 
The samples analyzed in this study were collected by Priebe 
(1988). The study was conducted on a 30 by 40 m area mapped as a 
Harps clay loam soil (fine-loamy, mesic Typic Calciaquoll) at the 
Agronomy and Agricultural Engineering Research Center near Ames, 
Iowa. The soil contained 15% calcium carbonate and was free of plant 
growth during 1983 and 1984. 
Dry-surface and wet-surface microplots 40 cm in diameter were 
established on each of 10 dates during spring and early summer of 
1984 as described by Priebe (1988). At each application date 
triplicate wet- and dry-surface microplots were established. The 
application dates were chosen so that no precipitation had occurred 
during the previous 36 h. The dry-surface microplots had ambient 
moisture contents, and the wet-surface microplots were wetted with 
the equivalent of 25 mm of water. Three to four hours after the 
application of water, urea granules (2.2 g of urea-N) labeled with 
5.2 atom percent were added to the surfaces of the microplots. 
This application rate was equivalent to 175 kg N ha'^. 
About three weeks after application of the urea, soil samples 
were collected from each microplot. A ring 20 cm in diameter was 
centered on each plot and the entire O-to-4-cm and 4-to-8-cm depths 
were excavated within the ring. Samples of soil from the 8-to-12-cm 
and 12-to-16-cm depths within the ring were obtained using a 
10-cm-diameter bucket auger. All samples were passed through a 2-mm 
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sieve, thoroughly mixed, and air-dried. For this study four sets of 
microplots (each set represents an application date) were chosen in 
order to represent a range of soil moisture conditions (see Table 1). 
Air-dried samples were extracted with 2M KCl for removal of 
exchangeable and NO3", and soil residues from this extraction 
were air-dried and ground to pass an 80 mesh sieve for determination 
of nonexchangeable NH^^. Ammonium and NOg" were determined in the 2M 
KCl extracts by using a steam-distillation method (Keeney and Nelson, 
1982) modified for recovery of Nonexchangeable NH^"*" was 
determined by using the method of Silva and Bremner (1966) and 
distillates were saved for analysis of isotopic abundance. Ratios of 
N isotopes were analyzed using a Finnigan MAT 250 isotope ratio mass 
spectrometer and calculations of fertilizer-derived N fractions were 
made according to procedures outlined by Sanchez and Blackmer (1988). 
Statistical calculations were made by using the ANOVA procedure 
(Spector et al., 1985). Soil bulk density values used for 
calculating recoveries of fertilizer N were 1.1 Mg m"^ for the 
O-to-12-cm layers and 1.25 Mg m"^ for the 12-to-16-cm layer (Priebe, 
1988). 
Table 1. Amounts of rainfall that occurred after applications of urea 
Amount of Rainfall 
Sett 0=3 4^ 7^ 10-12 13-15 16-18 19-21 Total 
days days days days days days days 
•mm 
1 11.2 (1.8)± 0 1.3 0.8 5.8 6.6 0 25.7 
2 9.1 (9.1) 5.6 0 26.7 0 0 0- 41.4 
3 2.0 (2.0) 0 13.7 15.5 33-0 54.6 0 118.8 
4 33 (33) 54.6 0 8.4 1.8 18.3 62 178.1 
t Dates of urea application were 20 June, 17 July, 11 May, and 24 May for 
sets 1 through 4, respectively. 
i Numbers within parentheses represent mm of rainfall recieved within 36 
hours after application. 
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RESULTS AND DISCUSSION 
Because the design of this study involved the use of only one 
soil type, it was possible to separate the effects of soil and 
climatic factors that could not be separated in the studies described 
in Parts II and III of this dissertation. Therefore, the only 
variables that logically could have affected distributions of the 
labeled N in this study were climatic factors such as initial soil 
moisture, temperature, and amounts of rainfall (Table I). 
Table 2 shows the mean recoveries of labeled N as 
nonexchangeable NH^"*" on wet- and dry-surface microplots. A 
significant difference in amounts recovered between wet- and 
dry-surface microplots was noted in set 1, where the least rainfall 
was recorded. However, in the other sets there was no significant 
effect of initial soil moisture. Dry-surface microplots tended to 
have higher concentrations of exchangeable than did wet-surface 
microplots (Table 3). The lower NH^"^ concentrations in wet-surface 
microplots could be explained by higher rates of nitrification under 
moist conditions. 
The amounts of fertilizer N found as nonexchangeable NH^^ 
decreased with increasing amounts of rainfall (Fig. 1), and the 
largest decreases were noted in the dry-surface microplots. The 
effect of rainfall is probably due to its effect on (i) rates of 
nitrification and therefore exchangeable NH^"*" concentrations, and 
(ii) drying of the soil in the sets with low rainfall. Drying of the 
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Table 2. Mean recoveries of labeled N as 
nonexchangeable in the surface 
16 cm of wet- and dry-surface microplots 
Set t 
Initial 
Moisture 12 3 4 
kg N ha"^ 
Wet 27.8bt 23.2a 13.1a 11.4a 
Dry 57.7a 35.7a 12,7a 6.0a 
t Dates of urea application were 20 June, 17 July, 
11 May, and 24 May for sets 1 through 4, 
respectively. 
+ Values within columns followed by the same 
letter are not significantly different according 
to Fisher's Least Significant Difference (LSD) 
test at P = 0.05. 
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Table 3. Mean recoveries of labeled N as ex­
changeable in the surface 16 cm 
of wet- and dry- surface microplots 
Sett 
Initial 
Moisture 12 3 4 
T kg N ha'l -
Wet 18.0b* • 10.4b 3.2a 5.0a 
Dry 48.9a 26.3a 6.1a 3.8a 
t Dates of urea application were 20 June, 17 July, 
11 May, and 24 May for sets 1 through 4, 
respectively. 
+ Values within columns followed by the same 
letter are not significantly different according 
to Fisher's Least Significant Difference (LSD) 
test at P - 0.05. 
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Figure 1. Mean recoveries of labeled N as nonexchangeable in 
wet- and dry-surface microplots 
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soil promotes fixation of (Blasco and Cornfield, 1966; Nonunik 
and Vahtras, 1982), especially where appreciable concentrations of 
exchangeable NH^"^ are present (Part II of this dissertation). 
Relationships between fertilizer-derived exchangeable and 
nonexchangeable had an initially high slope at low 
concentrations (Fig. 2a) decreasing to a slope of about 1 at higher 
concentrations (Fig. 2b). The nature of these relationships shows 
that exchangeable and nonexchangeable tended toward equilibrium. 
The linearity and 1:1 slope in the range from 10 to 50 ug g"^ agree 
with results presented in Part III of this dissertation for four Iowa 
soils. The relationships for dry- and wet-surface microplots tended 
to fall on the same line. Therefore, the only effects of initial 
soil moisture level were apparently on rates of hydrolysis and 
nitrification. 
Fertilizer-derived nonexchangeable was found largely in the 
top 4 cm (Table 4). In general, higher concentrations of 
nonexchangeable in the 4-to-16-cm depth were found in the 
dry-surface microplots. This is probably because some urea remained 
unhydrolyzed in the dry-surface microplots and was moved into the 
soil and hydrolyzed after rainfall. Most urea in the wet-surface 
microplots, however, probably hydrolyzed soon after application and 
the resulting was adsorbed and (or) fixed near the soil surface. 
A notable exception to this trend is seen in set 4, where the trend 
was reversed. These plots had all received 33 mm of rainfall within 
36 hours after urea application (Table 1). The results would suggest 
Figure 2. Relationships between fertilizer-derived exchangeable and 
nonexchangeable (a) for nonexchangeable < 10 
ug g" , and (b) for all samples 
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Table 4. Mean concentrations of labeled N found as 
nonexchangeable by depth 
Depth (cm) 
Initial 
Set Moisture 0-4 4-8 8-12 12-16 
ug N g'^  
1 Wet 20 .3 0 .4 <0 .1 0 .3 
Dry 42 .3 0 .8 0 .3 0 .9 
2 Wet 17 .0 0 .3 <0 .1 <0, .1 
Dry 24, .7 1, .7 0, ,3 0, ,3 
3 Wet 8, ,0 1, ,4 0, 2 0, ,2 
Dry 6. 8 2, .6 0. 2 0. 2 
4 Wet 6. 2 1. 9 0. 5 0. 2 
Dry 3. 8 0. 6 <0. 1 <0. 1 
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that in set 4 the urea in the wet-surface plots did not hydrolyze 
completely before being leached into the soil, while the urea in the 
dry-surface plots may have been leached as urea below the 16-cm 
depth. 
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SUMMARY 
Studies have shown that initial soil moisture contents and 
amounts of rainfall accounted for ten-fold differences in amounts of 
^^N-labeled urea recovered as nonexchangeable in one Iowa soil. 
Initial soil moisture content significantly affected amounts of urea 
recovered as nonexchangeable In general, dry-surface 
microplots contained more fertilizer-derived nonexchangeable 
than did wet-surface microplots. Amounts of fertilizer-derived 
nonexchangeable decreased with increasing amounts of rainfall. 
Relationships were presented which suggest that 
fertilizer-derived exchangeable and nonexchangeable tended 
toward equilibrium. The relationships were similar, regardless of 
initial soil moisture content or amounts of rainfall received. 
Overall, this study suggests that nonexchangeable can be an 
important transformation of surface-applied urea fertilizers, 
depending upon environmental conditions following application to the 
soil. Environmental factors may have an overriding influence on 
concentrations of fertilizer-derived nonexchangeable NH^"^ in soils. 
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PART V. QUANTITY/INTENSITY RELATIONSHIPS OF SOIL AMMONIUM 
IN LONG-TERM ROTATION PLOTS 
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INTRODUCTION 
The availability of ammonium (NH^^) ions for biological and 
chemical processes in soils depends on the type of exchange site they 
occupy. Some ions occupy adsorption sites on the exposed 
surfaces of soil particles and are readily available. Some are 
occluded within mineral structures and are considered unavailable 
during timescales of agronomic interest. These differences in 
availability are most often denoted by considering NH^"*" to be either 
exchangeable or nonexchangeable, where exchangeable NH^"*" is that 
displaced from adsorption sites by neutral potassium (K) solutions 
(Soil Science Society of America, 1979). Exchangeable or 
nonexchangeable NH^"*" as used in this study will refer to 
exchangeability with 2M KCl. 
This commonly-used classification system for soil may not 
be adequate for situations in which significant amounts of 
nonexchangeable NH^"*" become available for biological and chemical 
processes. Recent studies suggest that such situations may be of 
agronomic importance where containing fertilizers are applied. 
Thompson et al. (1988) showed that N from ^%-labeled fertilizers 
applied to Iowa cornfields in early spring is often found as 
nonexchangeable NH^^ in late spring and then disappears from this 
fraction during the growing season A slow release of 
nonexchangeable NH^"*" into the soil solution would provide a source of 
slowly-available N and would tend to increase the ratio of NH^ "*" to 
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NOg" in soil solutions. This change in ratio could provide 
significant nutritional benefits to plants (Schrader et al., 1972; 
Huffman, 1989). 
An alternative system for characterizing the availability of 
soil could be based on a knowledge of quantity/intensity (Q/I) 
relationships, which describe equilibria between soil solutions and 
cation exchange sites. The techniques and theories used to study 
these relationships were largely developed and described in studies 
of soil K (Beckett 1964a,b,c). Pasricha (1976) used Q/I techniques 
to demonstrate the release of nonexchangeable in paddy soils. 
Evangelou et al. (1986) used these techniques to demonstrate that the 
overall affinity of the soil exchange complex for NH^"^ was changed by 
management practices that increased soil organic matter 
concentrations. Release of nonexchangeable and (or) 
management-induced changes in affinity of soil exchange complexes for 
would obscure relationships between concentrations of 
exchangeable and solution activity ratios for (Salmon, 
1964). Either possibility could help explain observations that soil 
tests for N availability in Iowa cornfields are not improved by 
considering concentrations of exchangeable in addition to NOg" 
(Blackmer et al., 1989). 
Here are reported studies of NH^"*" Q/I relationships in soil 
samples taken from selected plots in two long-term experiments in 
Iowa. The objectives were (i) to determine whether release of 
nonexchangeable NH^"*" was detectable by commonly-used Q/I techniques. 
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(il) to compare estimates of availability based on measurements 
of exchangeable NH^"^ to those derived from Q/I relationships, and 
(iii) to assess the extent and nature of management-induced changes 
in relative affinity of the soil exchange complex for 
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MATERIALS AND METHODS 
Soil samples were collected.in May 1986 from plots in long-term 
rotation fertility experiments that have been in place for three 
decades on a Webster clay loam (fine-loamy, mixed, mesic, Typic 
Haplaquoll) in north-central Iowa and a Galva silty clay loam 
(fine-silty, mixed, mesic, Typic Hapludoll) in northwest Iowa. The 
samples were collected by compositing eight cores per plot (3.2 cm in 
diameter) from the 0- to 15-cm depth in plots having various N 
fertilizer and rotation treatments as indicated in Table 1. Samples 
from two to four replicate plots from each treatment were composited 
for this study. Only plots planted to corn (Zea mays L.) were 
sampled. Fertilizer N treatments had been applied as urea that was 
broadcast and incorporated about five weeks before soil samples were 
collected. Summaries of the sites and selected soil properties are 
shown in Table 1. 
Solutions having 0.0, 0.1, 0.2, 0.4, and 0.5 mmol L"^ NH^Cl were 
made up in 0.01 mol L"^ CaCl2. Nitrapyrin [2-chloro-6-
(trichloromethyl) pyridine] was added (2 mg L"^) to the solutions to 
inhibit nitrification. Triplicate soil samples (5.00 g) were 
equilibrated at 23°C with 50 mL of each solution in 100 mL 
polypropylene centrifuge tubes. The tubes were sealed with rubber 
stoppers covered with plastic film to prevent absorption of the 
nitrapyrin by the stoppers (Bremner et al., 1978), shaken on a 
reciprocating shaker for four hours, and samples were allowed to 
Ill 
Table 1. Mean values for selected chemical properties of soil 
samples taken from long-term rotation plots 
Soil Rotationt N Rate Organic C Total N Cation Exch. 
Capacity 
kg ha'l ---g kg'l . . .  
- - cmol(+)kg'^ 
Galva CCCC 0 26 .1 2, ,29 29.4 
134 26 .9 2, .40 29.4 
200 26 .5 2, ,44 29.3 
CBCB 0 23 .2 2. ,06 29.4 
134 25, .1 2. ,30 28.8 
200 24 .7 2. 30 29.0 
COMM 0 27, .5 2. ,54 30.3 
134 27, ,6 2. 56 31.4 
Webster CCCC 0 32. ,8 2. 64 33.4 
180 36. ,3 2. 98 34.5 
CBCB 0 33. 3 2. 84 35.6 
180 33. ,0 2. 74 34.7 
COMM 0 34. 4 2. 88 32.2 
180 38. 4 3. 28 34.0 
t CCCC - Continuous Corn, CBCB — Corn-Soybean rotation, and 
COMM =• Corn-Oats-Meadow-Meadow rotation. 
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settle for one hour. Equilibrium solutions were separated by vacuum 
filtration and stored at 5°C. Ammonium was determined within 24 
hours by using the sodium salicylate-nitroprusside colorimetric 
method on a flow injection analyzer (Kopp and McKee, 1978). Calcium, 
Mg^*, and K"*" were determined by atomic absorption spectrophotometry. 
The activity ratio of in equilibrium solutions (AR^^) was 
calculated by using equation (1), 
(1 )  
[(mca + ^ Mg) / CaC12) / ] 
where 
m = equilibrium concentrations (mol L'^), 
Y NH4C1 ~ mean activity coefficient for NH^Cl.and 
Y CaC12 "" MG&n activity coefficient for CaCl2 
(Sparks and Liebhardt, 1981). The mean activity coefficients for 
NH^Cl and CaCl2 were calculated from the Debye-Huckel extended 
equation (Pytkowicz, 1983) as shown in equation (2), 
AD|ziZ2| I1/2 
log Y - (2) 
1 + Boao lV2 
where 
Ajj = constant (0.5098), 
z^ *= charge on cation, 
Z2 •= charge on anion, 
Bjj = constant (0.3288), 
ajj = 3.75 for NH^Cl, 4.73 for CaCl2, and 
I = ionic strength. 
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Quantity/Intensity diagrams were constructed by plotting the 
amount of adsorbed or released from the soil ( A against 
the activity ratio in equilibrium solutions as originally described 
by Beckett (1964 a,b,c). Various Q/I parameters were derived from 
these diagrams (see Fig. 1). The equilibrium activity ratio of the 
soil solution is the x-intercept (ARg^^) in the diagram. Labile 
ammonium is the absolute value of the extrapolated Y-intercept 
( A NH^°) , and is a measure of the that would be extracted by 
0.01 mol L'^ Ca^^ if did not accumulate in solution. The 
potential buffering capacity for NH^"^ (PBC^^) is the slope of the 
Q/I curve. These parameters were estimated by using linear 
regression techniques. 
Linear portions of Q/I diagrams were assumed to denote the range 
in activity ratios for which the Capon selectivity coefficient (Kg) 
remains constant (White and Zelazny, 1986). Values for Kg, or 
relative affinity of the exchange complex for (Evangelou et 
al.,1986), were derived from slopes of curves obtained by plotting 
ratios of concentrations of exchangeable to exchangeable bases 
(Ca + Mg) as a function of activity ratios. Release of 
nonexchangeable was evaluated by observing deviations from 
linearity at low activity ratios. 
Total N was determined by using a Kjeldahl method (Bremner and 
Mulvaney, 1982), organic C was determined by using a total C analyzer 
(Nelson and Sommers, 1982), and CEC was measured by using the 
ammonium acetate saturation method (Chapman, 1965) . Exchangeable 
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Figure 1. Idealized Quantity/Intensity diagram 
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was extracted from triplicate samples with 2M KCl (10:1 solution 
to soil ratio) and determined colorimetrically on a flow injection 
analyzer. Soil residues from this extraction were dried, ground to 
pass an 80-mesh sieve, and analyzed for nonexchangeable by using 
the method of Silva and Bremner (1966). 
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RESULTS AND DISCUSSION 
The Q/I relationships for the Galva and Webster soils (Fig. 2 
and 3) showed no tendency for curvilinearity at low activity ratios 
and, therefore, no evidence for release of nonexchangeable The 
divergence in these results from those of Pasricha (1976) may be 
explained in part by considering NH^"*" equilibria in soils. Ammonium 
in soil solution is assumed to tend toward equilibrium with 
exchangeable and nonexchangeable NH^"^ (Nommik and Vahtras, 1982). 
Therefore, high concentrations of NH^"*" in solution favor the 
occupancy of a large number of potentially nonexchangeable sites with 
NH^"^. Pasricha (1976) worked with paddy soils where lack of oxygen 
would prevent nitrification and NH^"*" would persist in solution. When 
such samples are equilibrated with solutions having low NH^"*" activity 
ratios, release of NH^"*" from nonexchangeable sites would result. In 
contrast, my samples were from well-aerated soils, where 
nitrification should be expected to maintain low solution NH^"*" 
concentrations. Evangelou et al. (1986) also found no evidence for 
release of nonexchangeable NH^"^ in Q/I relationships of well-aerated 
soils. 
Concentrations of labile NH^"*" were well-correlated with 
concentrations of exchangeable NH^^ (Fig. 4). In addition, 
concentrations of nonexchangeable NH^"*" were not significantly 
correlated with labile NH^"*" (r - 0.30 for the Webster soil and 0.70 
for the Galva soil). Both of these observations are consistent with 
Figure 2. Quantity/Intensity diagrams for the Galva silty clay loam 
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the conclusion that nonexchangeable was not released during the 
four-hour equilibration. 
Equilibrium activity ratios for were well-correlated with 
exchangeable The correlations were significant whether the 
Galva and Webster soils were considered separately or together (Fig. 
5). These relationships suggest that, within the soils studied, 
exchangeable and equilibrium activity ratios provided similar 
indexes of availability. 
Relative affinity (Kg) was not significantly correlated to 
organic C concentration within either of the two soils (Fig. 6a,b). 
The divergence of these results from those of Evangelou et al. (1986) 
probably can be attributed to the narrower range in organic C 
concentrations in the soils used in this study. Management-induced 
changes in organic C concentrations in this study were less than 20% 
whereas the two samples studied by Evangelou et al. (1986) varied by 
300%. It is noteworthy, however, that the organic matter 
concentrations of the samples in this study reflected 30 years of 
markedly different management histories. 
A statistically significant correlation between relative 
affinity and organic C was observed when results from the two soils 
were combined (Fig. 6c). This relationship is similar to that 
reported by Evangelou et al. (1986) and may be attributable to 
differences in concentrations of organic C between the soils. 
Increases in organic C concentrations result in increases in CEC and 
decreases in the average relative affinity of the exchange complex 
Figure 5. Relationships between equilibrium activity ratios for 
(ARg^^ ) and exchangeable for (a) Webster clay 
loam, (b) Galva silty clay loam, and (c) both soils 
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Figure 6. Relationships between relative affinity for (Kg) 
and organic C concentrations for (a) Webster clay loam, 
(b) Galva silty clay loam, and (c) both soils 
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for because cation exchange sites on organic matter tend to have 
a low affinity for monovalent cations (Salmon, 1964). However, these 
low-affinity sites should not be important in influencing NH^"^ 
exchange reactions or availability at low solution activity 
ratios (Beckett and Nafady, 1968). 
The differences in organic C and relative affinity between soils 
seem to have had little influence on indexes of availability; 
data representing both soils share a common range in labile 
KCl-exchangeable and equilibrium activity ratios (Fig. 4c, 5c), 
but do not share a common range in relative affinities (Fig. 6c). 
Therefore, relationships between indexes of availability were 
not obscured by differences in exchange complex affinity for 
between soils. 
Increases in N fertilization rates tended to increase the 
concentrations of exchangeable labile and equilibrium 
activity ratios for (Table 2). In seven out of ten possible 
comparisons within rotations, for example, concentrations of labile 
increased with increasing amounts of N applied. Such effects of 
fertilization should be expected, and they largely reflect an 
increase in availability that is independent of 
management-induced changes in the affinity of the exchange complex. 
The range in equilibrium activity ratios induced by management 
practices varied by no more than a factor of two. This range is less 
than the six-fold difference between the two samples studied by 
Evangelou et al. (1986). Part of the divergence in results may be 
Table 2. Mean values for exchangeable.and nonexchangeable and parameters 
derived from quantity/intensity diagrams 
Soil Rotation^/ 
N Rate 
AR/H4 ANH4° PBC H^* Relative 
Affinity 
for 
Exch. 
NH4+ 
Nonexch. 
NH4+ 
(mol L"l) cmol cmol kg"l/ (L mol-l)l/2 r
4 i
 1 1 1 kg"l 
xlo3 kg-I (mol L-l)l /2 
Galva CCCC/0 1.03 -0.087 81.0 2.79 0.092 1.58 
CCCC/134 1.52 -0.115 76.0 2.61 0.103 1.57 
CCCC/200 1.86 -0.144 77.2 2.66 0.131 1.62 
CBCB/0 0.83 -0.069 83.1 2.86 0.075 1.44 
CBCB/134 1.13 -0.079 70.3 2.47 0.092 1.47 
CBCB/200 1.39 -0.099 71.8 2.50 0.092 1.60 
COMM/0 1.14 -0.101 88.2 2.94 0.078 1.46 
COMM/134 1.26 -0.094 74.7 2.40 0.078 1.52 
LSD* 0.40 0.019 7.8 0.25 0.0057 0.054 
Webster CCCC/0 0.72 -0.053 73.1 2.20 0.056 1.19 
CCCC/180 1.14 -0.090 79.5 2.32 0.093 1.44 
CBCB/0 0.75 -0.065 86.5 2.45 0.052 1.07 
CBCB/180 0.95 -0.083 88.2 2.56 0.076 1.07 
COMM/0 0.84 -0.055 66.2 2.07 0.055 1.21 
COMM/180 1.62 -0.103 63.4 1.87 0.094 1.21 
LSD* 0.57 0.029 12.9 0.33 0.0063 0.046 
t CCCC = Continuous Corn, CBCB = Corn-soybean rotation, COMM = Corn-oats-
meadow-meadow rotation. 
t Least significant differences (a = 0.05) for pairwise comparisons within soils. 
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attributed to the higher rate of N applied in their study. The 
differences that I observed in availability indexes seem 
relatively unimportant from a standpoint of plant nutrition because 
management practices (rotations and rates of N application) had much 
greater effects on concentrations of NOg" than of under field 
conditions (Blackmer et al., 1989). 
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SUMMARY 
The Q/I experiments provided no evidence that long-term soil 
management practices can appreciably change the affinity of the 
exchange complex for Furthermore, relationships between 
exchangeable and equilibrium activity ratios for were not 
obscured by differences in affinity between soils having 
substantially different organic C concentrations. These results 
provided no support for field observations that suggest that release 
of nonexchangeable is important in Iowa cornfields (Parts II and 
III of this dissertation). This lack of support may reflect the 
inability of the methods used to detect slow releases that occur 
under field conditions. However, longer equilibrations seemed 
inadvisable due to problems associated with inhibiting microbial 
transformations of during longer periods of time. Overall, 
indexes of availability based on determinations of exchangeable 
were similar to those derived from studies of Q/I relationships. 
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GENERAL SUMMARY 
Studies were conducted using ^^N-labeled fertilizers to 
determine the importance of fixation of into clay minerals in 
recently fertilized fields. Other studies were conducted to evaluate 
the effects of long-term soil management practices on 
quantity/intensity (Q/I) relationships of . The objectives of 
the studies were (i) to determine the amounts of N fertilizers found 
as nonexchangeable in fields treated with labeled 
fertilizers, (ii) to ascertain the factors that govern the fixation 
reaction, (iii) to observe the relationships between exchangeable and 
nonexchangeable in NHg- and urea-fertilized soils, and (iv) to 
determine whether long-term soil management practices changed soil 
exchange properties for 
Part I reports results from the analysis of soil samples 
collected from field soils at 45 and 90 days after application of 
^^N-labeled anhydrous NHg. The results showed that more fertilizer N 
was found as nonexchangeable than would have been predicted from 
the literature. As much as 30% of the fertilizer N was found as 
nonexchangeable at 45 days. Concentrations of nonexchangeable 
decreased with time in all plots, suggesting that 
nonexchangeable had a slow-release characteristic. 
The experimental design in part II was similar to that of the 
study reported in part I, except that the NHg retention zone was 
sampled using a much finer grid and samples were collected at 10, 45, 
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and 90 days after application of ^^N-labeled NHg. At each sampling a 
total of 25 samples were collected from the area immediately in and 
around the NH^ retention zone in each microplot. Samples were 
analyzed for exchangeable and nonexchangeable in both 
field-moist and air-dry states to determine the effect of air-drying 
on fixation. Fertilizer-derived exchangeable and 
nonexchangeable were highly correlated in each soil at 10 days, 
a trend that suggests a period of net fixation when exchangeable 
concentrations governed those of nonexchangeable Results 
showed that fixation is an important transformation of 
fertilizer N in some cases, but may vary greatly even within a single 
field. Amounts of fixation were apparently related to clay content 
and probably clay surface area, and also to environmental conditions 
following application. Air-drying resulted in substantial 
overestimates of fixation when exchangeable concentrations were 
high and small underestimates of fixation when exchangeable 
concentrations were low. 
Part III reports the determination of exchangeable and 
nonexchangeable in four Iowa soils sampled at various times 
following applications of ^^N-labeled urea. Two weeks after urea 
application, nonexchangeable accounted for 5 to 25% of the N 
applied. Changes in amounts of fertilizer-derived nonexchangeable 
with time followed first-order kinetics until an apparent 
equilibrium with exchangeable was reached. A high correlation 
between fertilizer-derived exchangeable and nonexchangeable was 
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found, with a higher slope than that found in the relationships 
reported in Part II. The results suggested a period of net release 
when nonexchangeable concentrations governed those of 
exchangeable 
The effects of some climatic factors on fixation from 
fertilizers were reported in part IV. This section reports the 
determination of exchangeable and nonexchangeable in soil 
samples collected from field plots on one Iowa soil following 
applications of ^^N-labeled urea. Because soil factors were 
constant, only initial soil moisture and amounts of rainfall could 
have affected amounts of fixation. A ten-fold difference was found 
in amounts of fertilizer N recovered as nonexchangeable NH^^. 
Wet-surface microplots fixed less than did dry-surface 
microplots, and amounts of fixation decreased with increasing amounts 
of rainfall. Once again a high correlation between 
fertilizer-derived exchangeable and nonexchangeable was found. 
This trend suggests a tendancy toward equilibrium. 
Part V reports studies to determine the effects of long-term 
soil management practices on quantity/intensity (Q/I) 
relationships and soil affinity for Results showed that the 
Q/I relationships did not reflect the releases of nonexchangeable 
observed in the other studies. Long-term soil management 
practices did not appreciably change either the Q/I 
relationships or exchange complex affinity for Indexes of 
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availability based on Q/I relationships were similar to those based 
on determinations of exchangeable 
Overall, these studies indicate that fixation of from 
fertilizers is an important transformation of N fertilizers under 
some conditions. The importance of this reaction appears to be 
governed by soil properties such as clay content and surface area and 
environmental conditions such as soil moisture content at time of 
fertilizer application and rainfall amounts following application. 
The results suggest that the addition of high concentrations of 
to soils results in a period of net fixation of when 
exchangeable concentrations are high, followed by a period of 
net release of nonexchangeable when biological and chemical 
processes have depleted the pool of exchangeable NH^^. 
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